Abstract: A new and simple rate-adaptive transmission scheme for indoor unguided optical links is proposed. This scheme is based on the use of variable silence periods and on-off keying (OOK) formats with memory. These variable silence times are used for modifying the statistics of the amplitude sequence regarding the statistics of the message sequence, giving an increase in the peakto-average optical power ratio. This is a favourable characteristic in intensity modulation and direct detection infrared links. In this fashion, OOK formats with Gaussian pulses modifying their position within the symbol period are adopted, obtaining a good trade-off between performance and required complexity. This is applied to links operating at a high initial bit rate, providing a signalling rate with a wide dynamic range and a relevant improvement in performance with gradual complexity in implementation, compared with the scheme proposed and specified in the Advanced Infrared (AIr) standard by the Infrared Data Association (IrDA), which is based on repetition coding and pulse-position modulation.
Introduction
Recently, the increasing use of portable computer terminals in the office environment has encouraged the accelerated development of wireless local area networks where remarkable activity is now migrating toward infrared communication systems [1] . In these systems, a very harmful interfering effect is that produced by fluorescent lamp light. The intense spectral components from this light may saturate the receiver preamplifier when switching on transients [2, 3] . Power efficiency requirements have made baseband modulation techniques preferable, in addition to an interference-suppressing high-pass filter. Nevertheless, the insertion of such a filter also makes it necessary to investigate the suitability of different modulation techniques, taking into account their near-DC spectral densities and, what appears as a much more decisive aspect, the induced phase distortion on the received signal [3] . Additionally, multipath optical channel frequency response must be considered for overall evaluation [4] . However, these systems can be affected by large dynamic variations of signal-to-noise ratio, leading to possible link failures. In this sense, rate-adaptive transmission is preferred in order to overcome adverse channel conditions, depending on the available signal-to-noise ratio, so that a sufficiently low error probability can be attained [5 -7] . To reach a larger distance, a rate-adaptive transmission scheme based on variable-rate repetition coding was proposed and specified in the Advanced Infrared (AIr) standard by the Infrared Data Association (IrDA), providing robust links within a 1208 horizontal half-power angle at data rates between 250 kbit/s and 4 Mbit/s [7 -9] . In this paper, the authors propose a new and simple rate-adaptive transmission scheme for use in wireless infrared links, based on on-off keying (OOK) formats where the position of a Gaussian pulse shape with reduced duty cycle (OOK-GS) is modified within the symbol period. In this way, maintaining the average optical power at a constant level, the presence of pulses is decreased and, then, the peak-to-average optical power ratio (PAOPR) can be higher, providing better performance in intensity modulation and direct detection (IM/DD) infrared links. It can be noted that this approach is completely the opposite of that adopted in radio systems using orthogonal frequency division multiplexing (OFDM) techniques. Owing to the large number of subcarriers, the OFDM signal has a large dynamic range with a very large peak-to-average power ratio, leading to greater vulnerability to intermodulation between the different carriers and additional interference to the system. In this case, reduced peak-to-average power of the transmitted signal is desired in order to avoid in-band distortion and out-of-band radiation [10, 11] . By contrast, since the signal-to-noise ratio of a direct detection receiver is proportional to the square of the received optical power, IM/DD infrared links can tolerate only a limited path loss and, hence, must employ high transmit power levels. In this sense, while the transmitter optical power level can usually be increased without fear of interfering with other users, the average optical power may be limited by concerns of power consumption and eye safety [1] .
2 Comparison of rate-adaptive links using repetition coding and variable silence periods We begin our study by considering the classic procedure based on repetition codes proposed in the AIr standard. In this way, Fig. 1 shows the block diagram of the simulation process for the transmission of baseband schemes according to the OOK format with any pulse shape and duty cycle. In [12] , OOK formats with rectangular pulses and different duty cycles have also been considered, obtaining a remarkable improvement in performance as the duty cycle decreases and the Gaussian pulse shape is adopted. Hence, in this paper, we focus on pulse-position modulation (PPM) schemes and OOK formats with Gaussian pulses having a reduced duty cycle.
Here, similar conditions as in [13] , when a receiver with a memoryless slicer and a fixed-rate scheme were implemented, have been assumed: first, an exponentialdecay channel model [1, 4] , corresponding to a favourable office environment, with a 50 MHz equivalent À3 dB bandwidth; second, a three-pole Bessel high-pass filter with a À1 dB cut-off frequency of 500 kHz for interference suppression; and, last, a five-pole Bessel low-pass filter employed as a rough matched filter. Owing to the interference of an electronic ballast fluorescent lamp, extending up to $ 1 MHz; the cut-off frequency of 500 kHz is chosen as a trade-off that allows us effectively to suppress most of the intense spectral components, leading to only moderate intersymbol interference (ISI) induced by such filtering. In Fig. 2a , we have displayed the bit error rate (BER) against normalised average optical power for the OOK-GS format by using soft-decision decoding [12] . Here, a duty cycle of 25% is adopted at a bit rate of 50=RR Mbit/s, where RR is the rate reduction factor.
Next, these results are compared with the 4PPM scheme, a signalling technique proposed in the AIr standard to implement the variable-rate repetition coding. Here, we consider two detection procedures of different degrees of complexity: maximum likelihood (ML) detection and threshold (TH) detection [12] . These results are displayed in Fig. 2a , together with the BER curves corresponding to the OOK-GS format. As well as confirming the feasibility of the OOK format with Gaussian pulses having a shortened duty cycle, we can deduce from this Figure that the PPM scheme goes on displaying a greater robustness to the rate reduction. However, the validity of this conclusion is subject to the adoption of the ML detector, showing remarkably worse performance if the more rudimentary detector is implemented. None the less, we can observe that the superiority of the OOK-GS format in relation to the PPM scheme with the TH detector is lower when the rate reduction is more severe. In this sense, a similarity between both signalling techniques can be noted for RR ¼ 8: In the following step, to complete this comparative analysis between PPM schemes and OOK formats, we use the Gaussian pulse shape for configuring the PPM scheme (4GPPM), as was carried out in [14] , so that the improvement in performance regarding the classic PPM is evaluated in the variable-rate systems under consideration. BER results for 4GPPM are shown in Fig. 2b . From this Figure, excellent improvement of the classic PPM schemes is deduced when the use of the rectangular pulse is replaced by a Gaussian pulse shape, for all values of RR implemented, showing a final greater robustness to the rate reduction even when the TH detector is employed. At this point, we remember that this is the detection procedure proposed by the IrDA due to its greater simplicity.
From the results obtained in previous work by the authors [3, 13] , the benefit of using signalling techniques having a reduced duty cycle has been shown. This idea was applied in [15] to accommodate the transmission rate to the channel conditions using variable silence time periods, as shown in Fig. 3 for the OOK-GS format and various rate reduction factors. In this fashion, we can consider a truncated sample function x T ðtÞ that is equal to the signalling technique for jtj < T=2; where T ¼ ð2K þ 1ÞD so the limit T ! 1 corresponds to K ! 1: Then, for K ) 1; Here, the random variable a k takes the values 0 for bit '0' (off pulse) and 1 for bit '1' (on pulse) and the D parameter represents the symbol period resulting from the rate reduction corresponding to the scheme proposed, so that we can write D ¼ RR · T b ; r b ¼ 1=T b is the bit rate initially employed. In this way, considering the sample function x T ðtÞ as the instantaneous optical power, the average optical power transmitted with no rate reduction ðRR ¼ 1Þ is given by
where P pulse is the average optical power evaluated in T b corresponding to the pulse shape used; hence, we can justify the increase of the peak optical power when RR > 1 as follows
Therefore, it is easy to deduce that the optical power has to be multiplied by RR in order to maintain the average optical power at a constant level, achieving a higher and higher PAOPR as the rate reduction is more severe. Results obtained for the OOK-GS format and the GPPM scheme are illustrated in Fig. 4 , together with the results obtained for the GPPM with ML detection according to the classic variablerate repetition coding, previously displayed in Fig. 2 . A signigicant improvement in performance can be observed when this rate-adaptive scheme is adopted, so that, for instance, we can achieve a cut in average optical power requirements above 3 and 4 optical dB for RR of 4 and 8, respectively. In addition, we can see that the OOK format maintains its better performance in relation to the GPPM scheme with the more rudimentary detector. However, the superiority of this rate-adaptive scheme is not only based on its remarkable improvement in performance, but also on its significant low-complexity implementation, compared with the scheme proposed by the IrDA, as shown in [15] .
3 OOK-GS format with memory by using pulseposition modulation
In this section, following the main objective in this paper, we use the variable silence times for modifying the statistics of the amplitude sequence regarding the statistics of the message sequence with the purpose of increasing the PAOPR. This is not achieved if only the position of each pulse alternates within the symbol period, as was carried out in [16] , obtaining the next signalling technique:
Here, the random variable a k takes the values 0 for bit '0' (off pulse) and 1 and À1 for bit '1' (on pulse) alternately. In [16] it was concluded that the performance corresponding to the OOK format with alternate-position Gaussian pulses is very close to the results obtained by the GPPM scheme with ML detection, leading to a cut in average optical power requirements of about 1 optical dB in relation to the OOK format without memory. Nevertheless, despite the improvement in terms of BER, the advantage provided by modifying the statistics of the amplitude sequence is not fully exploited since the signalling technique does not display any improvement in PAOPR and so, therefore, even better results could be expected. In this sense, to increase the peak optical power maintaining the average optical power at the same constant level as before, we try to diminish the presence of pulses, avoiding the appearance of more than one pulse in sets of two consecutive symbol periods. In this way, the information bit '1' will be represented by the absence of a pulse or the presence of a pulse with the position modified within the symbol period, whereas the bit '0' will be represented by the absence of a pulse or the presence of a pulse but without modifying its position. Figure 5 depicts a Markovian model of the memory in the signalling scheme so described (OOK-GSc). The model consists of three states, where each state S RB indicates the value of two variables. On the one hand, we have the variable B ¼ f0; 1g: This stores the value corresponding to the last information bit, which is the bit really to encode. On the other, the variable R ¼ f0; 1g indicates whether the state is active or not for encoding the stored bit '1' in order to avoid pulses in two consecutive symbol periods. The information encoding is represented by the transitions X=Y between states, where X indicates the information bit and Y the absence (00) or presence of a pulse, with (01) or without (10) the position modified. The resulting signalling scheme (OOK-GSc) is shown in Fig. 6 , where an improvement of 50% in PAOPR can be observed. Since this format ensures a minimum length of time without consecutive transitions or run length, it can be viewed as a run-length-limited (RLL) sequence where, however, the maximum run length would be boundless [17] . In this sense, it presents some similarities with the HHH(1,13) code which is proposed by the IrDA for short-range line-of-sight data transfer of 16 Mbit/s over links of up to 1 m within a halfpower angle of at least 308 [18] . Again, we can consider the truncated sample function x T ðtÞ corresponding to this new signalling technique. Then, for K ) 1;
where a k ¼ f0; 1g and b k ¼ f0; 1; À1g: To find the probabilities of the two random variables a k and b k ; we analyse the Markov chain in Fig. 5 , obtaining the next probabilities pðS RB Þ corresponding to the three states
and, then,
and
Now, taking into account that the presence of a pulse only occurs when a k ¼ 1; we can justify the increase of the peak optical power as follows
From these results, we confirm an improvement in PAOPR of 50%, as was previously shown in Fig. 6 , since the optical power has to be multiplied by 3 2 RR in order to maintain the average optical power at a constant level. BER results for the OOK-GSc format are illustrated in Fig. 7 , together with results previously displayed in Fig. 4 . A significant improvement in performance can be observed when OOKGSc is adopted, achieving a cut in average optical power requirements of nearly 1 optical dB in relation to the results obtained by the GPPM scheme with the ML detector. This superiority is even greater if compared with the OOK format without memory.
Next, we can calculate the power spectral density (PSD) of the proposed line code, writing
in which X T ð f Þ is the Fourier transform of the truncated sample function x T ðtÞ of equation (5), as described in [19] . After interchanging the order of expectation and summation, and remembering the fact that the random process is considered stationary, the resulting PSD is
where R c ½n ¼ E½c kþn · c 
and then we obtain
In this fashion, the PSD obtained from (9) by considering the first 1000 terms in the sum and a Gaussian pulse shape to form the OOK format is sketched in Fig. 8 for f ! 0 and RR of 2. From this Figure improvements in synchronisation techniques can be expected due to the presence of impulses at even harmonics of the signalling rate 1=D resulting from the rate reduction. In case long strings of zeros or ones may violate the assumption that the input bit stream is random, scrambling might be considered to remove undesired correlations among the information bits. Following the approach adopted in this paper to configure the OOK-GSc format, we can generalise this procedure to diminish the presence of pulses even more, avoiding the appearance of more than one pulse not only in sets of two consecutive symbol periods but also in sets of three, four etc. Simultaneously, we must take into account higher values for RR in order to have available a greater number of positions within the symbol period. Figure 9 illustrates a Markovian model, for RR ! 4; of the memory in the OOK-GScc signalling scheme, where only the presence of one pulse is considered in sets of three consecutive symbol periods. The model consists of nine states, where each state S RB indicates the value of two variables, as was previously explained. On the one hand, we have the variable B ¼ f00; 01; 10; 11g: This stores the value corresponding to the two last information bits, the last one being the bit to encode. On the other hand, the variable R ¼ f0; 1; 2g indicates whether the state is active or not for encoding the stored bit '1' in order to avoid more than one pulse in three consecutive symbol periods. For the sake of simplicity, only information encoding in the presence of a pulse is represented. From a similar analysis as before, an improvement in PAOPR of 100% is achieved in this case, leading to the use of an optical power level multiplied by 2RR in order to maintain the average optical power at a constant level. The BER for the OOK-GScc format is illustrated in Fig. l0 . A remarkable improvement in performance can be observed when OOK-GScc is adopted, achieving a cut in average optical power requirements above 1 optical dB in relation to the results obtained by the OOK-GSc format. This performance is even more attractive if compared with the OOK format without memory, where excellent agreement can be noted but using different rate reductions. In this sense, the use of memory on OOK formats allows one to double the information bit rate with identical average optical power requirements.
Owing to the increase in the PAOPR, a significant improvement in terms of BER can be expected following the approach proposed in this paper to design OOK formats with memory. Obviously, the greater the improvement, the greater the complexity in the corresponding Markov chain modelling the format. 
Conclusions
In this paper, a new and simple rate-adaptive transmission scheme for indoor unguided optical links is proposed, providing a signalling rate with a wide dynamic range. This scheme is based on the use of variable silence periods and OOK formats with memory. These variable silence times are used for modifying the statistics of the amplitude sequence regarding the statistics of the message sequence, allowing the increase of the PAOPR, which is a favourable characteristic in IM/DD infrared links. In this fashion, OOK formats with Gaussian pulses of variable position within the symbol period are adopted, obtaining a good trade-off between performance and required complexity.
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